It is now 100 years since adhesion of cells was shown to be vital for their growth and reproduction. Ross Granville Harrison, Fig. 1 , invented the technique for culturing cells, a technique which is now of massive importance for studying genetics, cancer, tissue engineering and disease processes.
Harrison was a 37 year old lecturer at Johns Hopkins in the USA, observing the growth of nerve fibres in embryos, when he found that he could insert solid blood clot material into the animal and the cells would continue to propagate along the vi Preface foreign material. Subsequently in 1907 he found that the nerve cells would also grow on the blood clot in a dish outside the embryo. In his 1914 paper, 2 he then showed that the shape of the cells depended on the solid substrate by testing the cells on clotted plasma, spider web fibres and glass cover slips. This was the first indication that adhesion was essential for shape and differentiation of cells.
It is interesting that 100 years have also elapsed since the discovery that viruses can cause animal disease. Ellerman and Bang 3 in 1908 showed that leukaemia could be transmitted to chickens by injecting cell free material. A few years later, Rous 4 in 1910 and 1911 showed that solid tumours could be transferred from chicken to chicken to spread the disease and also isolated the infective agent in a cell free filtrate. It later became clear that the virus particles, which at that time could not be imaged by microscopy, were adhering to the cells to cause infection. Rous received the Nobel Prize for this work in 1966, more than 50 years after his observations. There was no model at that time to describe the mechanism by which the virus particle attached to and entered the cell.
The idea that fine particles in smoke caused damage to humans goes back much further: it is said that the city of London imposed smoke control in the thirteenth century because coal fires were 'prejudicial to health'. 5 However, the understanding of the mechanisms of toxicity has only recently emerged. The particles in smoke, which are approximately the same size as cells or viruses, somehow adhere to the lung surfaces and cause organ failure, even heart disease. How does this adhesion process occur? Similarly, it was observed 5 in the nineteenth century that chimney sweeps suffered disease from the soot which contacted them; 'I have known 8 or 9 sweeps lose their lives by the soot cancer. The parts which it seizes are entirely eaten off'. We examine some of the processes which contribute to nanoparticle toxicity in Chapter 11.
Ever since Robert Hooke 6 viewed a slice of cork using his early microscope ( Fig. 2) , showing for the first time 'Cells distinct from one another', but clearly adhering very strongly to form the strong lightweight porous wood material, we have been fascinated by the adhesion forces which hold large multicellular organisms together. The purpose of this book is to address the description, definition and understanding of these adhesion forces in relation to three systems. In recent times, the theoretical idea which has dominated the field is that of the adhesion molecule, a complex protein like fibronectin for example, as described by Hynes. 7 Such molecules have been thought to control the adhesion of cells. Indeed, an enormous amount of work has been done by thousands of scientists to define various adhesion molecules, whose range, variety, complexity and nomenclature have expanded substantially over the past decades. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Unfortunately, the 'lock and key' model on which this science has been based, also around a century old, 20 is unacceptable. While there is no doubt that a coating of fibronectin on a surface definitely helps cell adhesion, we aim to show in this book that the adhesion molecule is only one factor in the equation. Van der Waals forces are the key cause of the adhesion. Substrate elasticity and geometry are also important. In addition we aim to show that there are complex mechanisms such as Brownian motion and surfactant molecules in solution which display major effects.
Originally, the theoretical ideas used in this book were defined 21,22 in 1970-1971 . By considering the contact of elastic bodies, it became evident that three parameters generally entered the equation for adhesive force F, as indicated below.
where K was a constant, W the work of adhesion in Jm −2 , E the elastic modulus in Pa, n the Poisson's ratio and d the dimension in metres. From this model, it is clear that the adhesion molecules have an effect on W, but elasticity E,v is equally influential and the geometry d is much more important. The most surprising thing about this new theory was that adhesion force was strongest when the surfaces were absolutely smooth and clean, with no adhesion molecules present. In other words the effect of adhesion molecules was to reduce the adhesion force, not to cause the adhesion force as intimated in references. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The purpose of this book is to show This importance is reflected in the large numbers of papers written in technical journals by specialists in biological adhesion. Around 12,000 papers are written each year containing adhesion as a key word, mainly about adhesion molecules, the large (i.e. 1-10 nm) proteins or glycoproteins which seem to regulate the adhesive interactions between cells. A single academic institution may typically contain ten academic staff working on the adhesion between particles, viruses or cells. Such endeavour builds up across the planet to a total of about 50,000 individuals who are attempting to understand the complexity of adhesion phenomena in biological studies.
Chapter 1
Background to Adhesion of Cells, Viruses and Nanoparticles
The Problem of Understanding Adhesion
The problem is that this large number of practitioners would find it difficult to agree on the basic principles of the adhesion which they are studying. A number of errors and fallacies are being propagated in the literature, causing confusion among students and researchers alike. The purpose of this book is an attempt to focus on the basic physical principles of adhesion which this large number of students and researchers can then use to build their arguments.
A key stimulus for writing this monograph was the chapter on geckos by Kellar Autumn in the recent book on biological adhesives.
2 Surprisingly, the gecko ( Fig. 1.1 ) sticks to surfaces without any adhesive. It does not need adhesion molecules. The question is 'How can materials stick together without adhesive?' Usually, when trying to explain the adhesion of particles, viruses or cells, our first inclination is to find the adhesion molecules which cause and control the adhesion force. This book shows that this is a simplistic argument which describes only one part of the story. Adhesion is often a much more complex process where two more parameters are vital: geometry and elasticity. We must change our philosophy from the simplistic statement 'Adhesion molecules cause cells to stick', to 'van der Waals forces cause cell adhesion'. The lizard Gekko gecko with one foot adhering to a glass plate (foreground) and the SEM picture of the hairy nanostructures (setae) which adhere to the glass (background) 3 (Copyright National Academy of Sciences USA, with permission) As Kellar Autumn explains, the controversies about biological adhesion stretch back over centuries. In his review of the seven postulated mechanisms (at least) of gecko adhesion, Autumn quickly dismisses the idea that an adhesive is involved. Dewitz in 1882 4 had ruled this out because geckos have no glandular tissue on their toes and so cannot secrete sticky material. Dewitz also considered and rejected suction which is another perennial fallacy. Dellit 5 in 1934 carried out experiments in a vacuum to show that suction was not involved. He then employed x-rays to ionise air to show that electrostatic forces were not activated when geckos walked on metal surfaces. But Dellit fell into the trap of thinking the gecko used tiny hooks to grip roughnesses on the surfaces. This false theory of keying or interlocking cannot be supported because geckos stick best to ultra-smooth silica surfaces. 6 The only logical conclusion is that van der Waals forces are the cause of gecko adhesion, as first proposed by Haase in 1900. 
van der Waals Forces Cause Adhesion
Van der Waals produced his theory of atomic attractions to explain the behaviour of real gas molecules compared to perfect gas kinetic theory. Because real gas molecules do attract each other slightly, the perfect gas laws must be modified to account for this adhesion force. It is a well-understood intermolecular force which does not require any extra mechanisms like adhesion molecules, suction, tiny hooks or adhesives to predict adhesion. These ideas were fully recounted in the previous book 'Molecular adhesion and its applications'. 8 A key feature of van der Waals force is its short range of action, much less than electrostatic, magnetic or gravitational bonds. This means that the mechanism of failure is brittle cracking which is best described by an energy balance theory, outlined in Chapter 2. The key parameters which influence such adhesion are work of adhesion, geometry and elastic modulus. Of course, adhesion molecules play a part in this theory because they have a large influence on the magnitude of the work of adhesion. The message in this book is that adhesion molecules cannot explain the whole picture, which must also contain geometrical and elastic parameters of great importance.
The present book emerged from a discussion between the authors after a paper at the Adhesion Society Conference in 2007 where it was demonstrated that cells can sense the elastic properties of the underlying substrate. Consequently, the cell adhesion area, cell shape and other parameters are strongly dependent on the elastic modulus irrespective of the adhesion molecules present. 9 Additionally, a study by Engler et al. showed that the matrix elasticity can guide the differentiation of stem cells in otherwise identical biochemical conditions. 10 We therefore got together to summarise the fundamental principles of cell, virus and nanoparticle adhesion, based on the idea that work of adhesion, geometry and elasticity govern the force. Cells and viruses should therefore behave like inanimate polymer nanoparticles in adhesion terms. Adhesion molecules at the surface will then reduce the adhesion force.
Adhesion Molecules: Learning from the Gecko
Although our premise is that van der Waals forces dictate adhesion, complex molecules, structures and mechanisms are present. Indeed, biological adhesive systems present fabulous arrays of features which will occupy experts for centuries to come. But these do not cause adhesion; they are merely variants of mechanisms which modulate van der Waals adhesion in captivating ways.
Consider the example of water influencing the adhesion of a single gecko foothair to glass as shown in Fig. 1.2 . 3, 12 It is clear that as the humidity was increased, the adhesion force also increased. Our first inclination is to suggest that the water is acting as an adhesive. We could even suggest that water is an adhesion molecule which causes molecular bonding between the hair spatula and the surface. But this reasoning is too simplistic and it is necessary to study the mechanisms more carefully.
The reality is more complex because it is well-known that water molecules reduce the van der Waals adhesion of polymers on glass. Johnson, Kendall and Roberts 11 demonstrated that dry, smooth polymer sticks best. Water reduces the van der Waals attraction by an order of magnitude and the adhesive force should fall, if other factors are maintained equal. In the case of the spatula experiment above, Kellar Autumn has argued that other things are not equal; first the water softens the keratin of the spatula to allow it to make improved geometrical contact with the glass; second, the water increases the loss modulus of the keratin to dissipate more energy in the peeling (Autumn, private communication). These two effects increase the adhesion sufficiently to overcome the fall in the van der Waals work of adhesion resulting from the presence of water. In addition, large water bridges can build up around 70% humidity, increasing the contact area by a large factor. 12 The conclusion is that apparently obvious adhesion results can only be correctly interpreted by considering all the relevant parameters; the work of adhesion, the geometry and the elastic properties.
Thus, the key point which we learn from the gecko is that the weak van der Waals forces which have been known for more than a century are the true cause of adhesion and that these can be linked with and modulated by other features such as geometry, material elastic properties, test conditions and surface molecules to give the solution to biological adhesion questions.
False Hypotheses
This new theory is important because a number of false statements recur in the literature. For example it was claimed 13 that 'It seems obvious that extracellular structures are essential for adhesion to a surface'. This is an apparently self-evident argument that was destroyed by Isaac Newton in the seventeenth century when he showed that clean, smooth surfaces stick best.
14 You do not need hooks, Velcro fastenings, or adhesion molecules. The fact is that all small particles stick naturally as a result of van der Waals forces as shown later in this book.
Another fallacious statement is that 'Conidia of most fungal species must be alive in order for adhesion to occur'. 15 This suggests that adhesion is not simply inanimate van der Waals forces, but requires living material; another false concept. In fact the opposite may be true: a living material is required to prevent adhesion in some cells which keep themselves separate using special mechanisms.
A further recent statement was 'A large number of microbes, fungal and algal spores, microscopic invertebrates and invertebrate larvae use adhesive polymers to stick to whatever surface they encounter. 16 This clearly emphasises the concept of the adhesive, i.e. the material which many researchers think is needed between two surfaces to make them stick. However, it has been clarified in a number of papers [17] [18] [19] that surfaces stick without any adhesive providing they are clean and smooth. Indeed, adhesives which wet the surfaces reduce the adhesion between the smooth surfaces. 'Adhesives' should really be called 'sealants' because they are essentially gap fillers which improve the extent of contact while weakening the molecular attachments. The truth about biological adhesion is nearer to what Federle 20 proposes: many separate nano-contacts each acting with van der Waals force, depending on elastic and geometrical parameters. If you consider cells crawling across a surface, a permanent adhesive bond would prohibit such motion. Therefore, adhesion is more a dynamic equilibrium between attractive and repulsive forces whose complex interplay can lead to adhesion or release across a number of contact spots.
Another key issue is the variety of cells, viruses and nanoparticles to be investigated. Shapes and sizes vary enormously, from simple sphere-like bodies like yeast or adenovirus, to cylinders like E-coli or tobacco mosaic virus, to complex shapes which can vary or flatten against surfaces like human cells or flu virus, or to spiky balls like puff-ball fungal spores. In this book we consider a range of shapes, recognising that geometry is one of the most important features of the adhesion process. It is obvious that animal cells that flatten onto a surface must stick better than spherical yeast cells which merely deform at a small contact spot, and yeast will stick better than spiky spores which only touch at very small areas.
Although several books are available discussing bio-adhesion 21-28 none gives the broad picture described above. This is the first book to attempt this overview, starting from the idea of van der Waals force.
van der Waals Force
The most important step in understanding adhesion forces arose from the kinetic theory of matter which was developed towards the end of the nineteenth century.
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This theory was first developed on the assumption that no adhesion existed between the atoms or molecules of a gas. Then van der Waals showed that this assumption was not quite true.
In 1827, the botanist Brown had been observing pollen from the American plant Clarkia through his microscope and he saw tiny grains inside which were jiggling in the water. The water prevented the grains from sticking together, giving a close approximation to zero adhesion. Brown could see that each particle, around 1mm in diameter, was dancing in the watery suspension as though bombarded by invisible impacts, randomly hitting the particle from all directions. Brown tested a number of other particles, including dead pollen, and showed this movement was a general phenomenon, not due to fluid flow or living matter, unlike previous observers. The conclusion was that the liquid is composed of very small atomic or molecular particles, too tiny to be visible in his microscope, in constant motion. The collisions of the invisible particles on the pollen grains were causing the dancing movements, as shown in Fig. 1.3 .
The immediate effect of Brown's observation was to stimulate theoretical argument about the properties of gases which to a first approximation behaved as though there was no adhesion between their constituent atoms. On this assumption, Clausius, Maxwell, Boltzmann and their co-workers generated the mathematical theory describing the behaviour of perfect gases. 29 Van der Waals in 1873 recognised that gases were not perfect and that deviation from the ideal gas laws could be explained by a universal attraction between all molecules. 33 This idea, that particles must attract each other with a considerable adhesive force because of the individual atomic attractive forces, was the beginning of a logical theory of adhesion.
Difference Between van der Waals and Electrostatic Forces: Yeast Adhesion
It is important to distinguish van der Waals force, often called dispersion or London forces, from simple electrostatic attractions. Adhesion of bodies as a result of electrical charging was known to the Greeks who had rubbed glass or amber with cloth to attract small pieces of litter. The effect is best illustrated by rubbing a balloon on cloth. The rubber material picks up an electrical charge, which can cause sparking electrical discharges, allowing the balloon to stick to a window. It is evident that such adhesion is different from van der Waals force because moisture, or nuclear radiation, allows the charge to leak away and the balloon drops off, whereas van der Waals forces, being induced dipole attractions, are not so much affected. Also, electrostatic forces can be both attractive and repulsive whilst van der Waals force is always attractive. These differences have been well described in a number of excellent texts 34,35 so it is not necessary to repeat them here. Let us consider a demonstration of cell adhesion which shows that electrostatic forces are not involved, yet considerable adhesion between a glassy surface and a sheet of cells is observed. Figure 1 .4 shows a peeling experiment in which a layer of yeast cells is detaching from a very smooth plastic plate by wedging with a blade. The adhesion of yeast cells is industrially important for preparing spray dried powder which can be easily dispersed to make bread formulations, as described originally in 1968 by Fantozzi and Trevelyan.
36 A 16% dispersion of yeast cells in water was sprayed through a centrifugal nozzle to produce fine droplets which were dried for 10 s in a 90°C air stream, producing rounded 100 mm diameter particles of 33% solids. Further drying in air at 37°C gave spheres of dried yeast at 97% solids, for long life and excellent activity (Fig. 1.4b, c) .
The sheet of cells was made by mixing dried yeast (Saccharomyces Cerevisiae) with water into thick paste, then pressing a film of this material onto a smooth acrylic sheet using a thin sheet of paper as a backing to absorb the moisture. When held upside down, the sheet of cells adhered to the glass and a perfect black contact could be seen through the transparent material, which was then partly dried to a relative humidity of 25%. By prising the edge of the cell film with a sharp blade, the film of cells could be made to start peeling and a crack was readily observed moving along the interface.
No free electrostatic charge can exist in this experiment because the water vapour leaks it away. Also, there was no capillary force at this low relative humidity. The cells appeared to form a dense film as a result of the compaction under pressure. Consequently, the experiment appeared similar to the peeling of a soft elastomer described later in 2.5. We conclude that van der Waals attraction is holding the cell film to the acrylic polymer. The attraction clearly does not act over a large gap. This was tested by pushing a detached piece of cell film back towards the polymer surface. No adhesion was seen until the film touched and jumped into contact with the plastic. Then the film spread out along the surface, appearing to wet the acrylic material. So the adhesion was reversible but the force was low.
Typically, a force of 0.2 g was required to detach a 10 mm wide film in peeling. This is the correct magnitude for van der Waals force between yeast cells in air, giving a work of adhesion around 200 mJm −2 , similar to rubber. The effects of geometry, elasticity and contamination were also readily demonstrated with this experiment. A simple geometric change, pulling the film along the surface rather than wedging it, showed that the force had to increase by an order of magnitude to detach the cells. Similarly, increasing the bending modulus by increasing thickness of the cells made it more difficult to wedge off the layer, apparently increasing the adhesion. Finally, flooding the film with liquid water made the cells detach much more readily, showing that water diminishes the adhesion.
Fall in Adhesion Under Water
Similar experiments have been carried out on sheets of animal cells cultured under water on standard plastic plates. 37 Quail myoblast cells were grown in special culture media on glass plates which had been coated first with aminosilane, then strips of collagen on top, as shown in Fig. 1 .5. The silane inhibited cell growth on the glass so that strips of fused cells ultimately grew on the collagen and could be peeled off by sucking on a micropipette. The width of the muscle cell strip was about 10 mm and the peeling force at low velocity was 1 nN. Later in Chapter 2.5 we will see that this corresponds to a work of adhesion around 0.1 mJm −2 , two orders of magnitude less than the peeling of a yeast or elastomer strip from dry glass. It is clear from this experiment that the presence of water and contaminant molecules has had a huge effect on reducing the adhesion of the cells. You do not need the molecular models of contact similar to those of Dembo and Bell, 38,39 describing specific lock and key contact to explain these results, because the contamination has reduced adhesion, not caused it. It is now necessary to consider the critical distinctions between capillary forces, electrostatic attractions and van der Waals adhesion.
The Short Range of van der Waals Force
A simple way to distinguish van der Waals adhesion from electrostatic attraction is to observe the range of action of the force between two spherical particles as they are pulled apart. To give a reference force, it is useful to compare these two examples with the force necessary to separate two particles with a droplet of liquid in between.
When a liquid droplet acts to glue two balls together; the force of adhesion is almost constant as the balls separate 40 as shown schematically in Fig. 1.6 . Thus this 'liquid bridge' type of adhesion is 'tough'; the force stays high with distance and so a great deal of energy is required to pull the bodies apart. The energy, i.e. the integration of force times distance increment, is the area under the line. Electrostatic adhesion is not so tough because now the force falls off with the square of distance from the centres. But the force is still of long range and can be measured with distance on a large scale, for example with a meter ruler. However, the van der Waals adhesion is very different. 41 This falls off in a very short distance of separation. In consequence, these molecular adhesion forces cannot be measured with a metre ruler, but need a nanometre scale. The adhesion force may be high when the molecules are touching, but even a separation of one nanometre causes the force to drop almost to nothing. Thus the surfaces snap apart in a brittle fashion, totally different from the other types of adhesion force. The area under the curve is very small. In other words, the energy of van der Waals adhesion may be negligible.
The other feature of van der Waals force which is evident from this comparison is seen when the balls are brought back together. The spheres with liquid between make contact again very easily. Also the electrostatic bond is readily renewed as the balls touch again, to give the same strength as before. But the molecular adhesion is not easily regained. The smallest speck of dust, or the contamination by a single layer of foreign molecules, can prevent the van der Waals bonding. In other words, the surfaces cannot be replaced in exactly the same position to reinstate the original bond. Van der Waals adhesion is not reliable or repeatable, because molecules cannot easily be put back in exactly the same position.
Measurement of van der Waals Force on Polymer Spheres
Viruses and cells are made up of polymer materials and so are best treated as soft, almost elastomeric bodies. Experiments to measure van der Waals forces on polymer spheres were pioneered by Johnson, Kendall and Roberts in 1971. 11 The experiments used rubber spheres because they were elastic, transparent and adhered easily to each other. Roberts had developed a way of moulding rubber in concave glass lenses to produce remarkably smooth elastomeric spherical surfaces as shown in Fig. 1.7 . The rubber composition was mixed and then pressed hot into the glass lens. After cooling, the rubber lens could be peeled out of the glass mould. Two such rubber spherical surfaces were then moved towards each other to make contact ( Fig. 1.7b) .
As the two smooth spherical surfaces approached each other, within a few micrometres of contact, the familiar Newton's ring pattern could be seen in the narrow gap between the smooth surfaces. Then, as the rubber lenses were moved still nearer, a sudden jumping together of the rubber was observed and the black contact spot grew rapidly to a large size as the rubber deformed and spread under the influence of the van der Waals adhesion (Fig. 1.7c) . The large black spot was an indication of large adhesion.
Consider pulling the spheres apart to measure adhesion. At zero load the black spot is about 1 mm diameter ( Fig. 1.8a) .When a small tensile force is applied to pull the spheres apart ( Fig. 1.8b ) the black contact spot shrinks to a new equilibrium circle of smaller radius as a crack runs through the contact. But when a larger tensile force is applied, the circle shrinks continuously until fracture of the adhesive bond occurs (Fig. 1.8c ). This pull-off force is another measure of the molecular adhesion between the spheres. After examining the way in which two spheres stick together, as above, it becomes apparent that adhesion is not a single process, but one which we can separate into three different but related actions; jumping into contact, achieving a certain black spot size, then cracking apart as a tensile force is applied.
The first adhesion phenomenon is the most convincing; all particles leap spontaneously together as a result of van der Waals attractions. No adhesion molecules, adhesive materials nor keying structures are required. Thus adhesion can be measured by looking at the distance covered by the leap. A long jump means strong adhesion.
The second phenomenon, the achievement of a black spot resulting from adhesion forces, was first mentioned by Newton as a measure of true molecular contact. This black spot at equilibrium balances the van der Waals adhesion forces trying to enlarge the contact, in competition with the elastic forces in the rubber trying to push rubber spheres pulling force black contact spot at equilibrium 
